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Tuning the ele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 stru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al
edge modi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We report ombined rst-priniple and tight-binding (TB) alulations to simulate the eets of
hemial edge modiations on strutural and eletroni properties. The C-C bond lengths and
bond angles near the GNR edge have onsiderable hanges when edge arbon atoms are bounded to
dierent atoms. By introduing a phenomenologial hopping parameter t1 for nearest-neighboring
hopping to represent various hemial edge modiations, we investigated the eletroni strutural
hanges of nanoribbons with dierent widths based on the tight-binding sheme. Theoretial results
show that addends an hange the band strutures of armhair GNRs and even result in observable
metal-to-insulator transition.
Carbon nanotubes (CNTs) with hiral vetors (n,m)
are metalli when (2n + m) or equivalently (n − m) is
a multiple of 3. Armhair CNTs with hiral vetors
(n, n) are always metalli while the zigzag CNTs (n, 0)
are metalli only when n is a multiple of 3. In general,
the eletroni properties an be modied by attahing
atoms or moleules along CNTs' sidewalls using hem-
ial methods.
1,2,3
The reent development of graphene,
a sheet of an unrolled CNT, has attrated a great deal
of researh attention.
4,5
Graphene is a two-dimensional
one-atom-thik arbon layer with arbon atoms arranged
in a honeyomb lattie. Experiments by using the me-
hanial method and the epitaxial growth method show it
is possible to make GNRs with various widths.
5,6,7
Sev-
eral experiments have also been performed reently to
investigate the transport properties of graphene.
5
The
results show that graphene is an interesting ondutor
in whih eletrons move like massless and relativisti
partiles. Several groups show STM/STS graphene im-
ages with well-dened hydrogen-terminated edges in an
ultrahigh-vauum (UHV) environment.
8,9,10
An interesting question to investigate is whether a
metalli CNT is still metalli when it is unwrapped into
a graphene nanoribbon (GNR).
11,12,13
For simpliity, we
hose the same denition for GNRs as for CNTs in this
paper. An unwrapped (n,m) CNT, for instane, is alled
a (n,m) GNR. Previous theoretial studies based on
the tight-binding (TB) approximation have examined the
eletroni states and energy dispersion relations of GNRs
with the assumption that hydrogen atoms are attahed
to the arbon atoms on the GNR edge. These alu-
lations show that the metalli or insulating feature in
GNRs are dierent from that in CNTs.
14,15,16
Zigzag
GNRs (n, n), whih orrespond to unwrapped armhair
CNTs with zigzag edges, are still metalli (if the spin de-
gree of freedom is not onsidered). The eletroni stru-
ture of armhair (n, 0) GNRs depends strongly on the
nanoribbon width.
14,15,16
Armhair GNRs are metalli
when n = 3p + 1 (p is an integer), and otherwise they
are insulating. That is to say, GNRs an be made either
as metalli or as semionduting materials by ontrolling
their width or hirality. This remarkable harateristi is
very useful in making graphene-based nanosale devies.
In addition, GNRs are muh easier to manipulate than
CNTs due to their at struture, and thus they an be
tailored by using lithography and ething tehniques.
Beause eah edge arbon atom of GNRs is only
bounded to two neighboring arbon atoms, a dangling
arbon bond oers a remarkable opportunity to manip-
ulate the eletroni properties of GNRs. This an be
done by attahing dierent atoms or funtional mole-
ular groups to the dangling arbon atom. Similar to
the funtionalization of CNT devies along edge dangling
bonds,
2,3,17
the eletroni properties of GNRs an also
be alternated by hemial edge modiations. In this
paper, we examine the geometri deformation of nite-
width armhair GNRs aused by dierent edge addends.
Our rst-priniple alulations show that the C-C bond
length and bond angle near the edge undergo observable
hanges. To inlude the eet of the deformation on the
graphene ribbon edge, we introdue a phenomenologial
hopping parameter t1 in our TB approximation alula-
tions. Our simulations show that the energy gap depends
on ribbon width and hopping parameter t1. A nonzero
energy gap exists for (3p + 1, 0) armhair GNRs, whih
means the metal-to-insulator transition an be ahieved
by edge modiations.
The inrements of C-C bonds and bonding angles at
the nanoribbon edge have been reported based on the
TB approximation alulations.
11,12,13
. In this paper, we
rst estimate nanoribbon geometri deformation aused
by various hemial addends. For a simple ase (eah
armhair GNR edge arbon atom is saturated by one
hydrogen atom), we evaluate geometri and eletroni
struture hanges using the rst-priniple method. Our
optimizations employ the Vienna ab initio simulation
pakage
18,19
, whih is implemented based on the loal
density approximation
20
of the density funtional the-
ory (DFT).
21
The eletron-ion interation is desribed
by the ultra-soft pseudopotentials
22
and the energy ut-
o is set to be 286.6 eV. The atoms' positions are op-
timized in order to reah the minimum energy with the
2Hellmann-Feynman fores less than 0.02 eV/Å. The re-
sults show that the geometri relaxation loalizes near
the edge. Only the bond lengths and angles of edge ar-
bon atoms in armhair GNRs have onsiderable hanges
omparing with those of ideal graphene ribbons. For ex-
ample,
6
BAF=121.6◦ and 6 BCD=118.3◦. The inter-
atomi distane between A and B sites (dAB) of (9, 0)
GNR is redued from 1.42 Å to 1.36 Å, and dBC=1.40 Å
dCD=1.40 Å and dDE=1.42 Å respetively, as shown in
Fig. 1.
Figure 1: Optimized struture of a (9, 0) armhair GNR (all
edge bonds are bound by hydrogen atoms). Here, the bond
length is in Å. Note that a zigzag (n, 0) GNR an be rolled to
form an armhair ((n, 0) CNT, and an armhair (n, n) GNR
an be rolled as a zigzag (n, n)) CNT.
The geometri deformation of armhair GNRs, how-
ever, depends on various kinds of hemial addends. For
example, the edge arbon atoms onnet to F atoms, the
edge C-C bond lengths shorten to be 1.35 Å(dereasing
about 5%). In general, this kind of geometri deforma-
tion results in the hanges of hopping parameter between
two neighboring arbon atoms on the GNR edge. The
parameter hange is dened as
∆t =
< 2p′z|Hˆ1|2p
′
z > − < 2pz|Hˆ0|2pz >
< 2pz|Hˆ0|2pz >
. (1)
Here, Hˆ1 and Hˆ0 are the Hamiltonians of the system
with and without hemial edge modiation, respe-
tively. 2p′z and 2pz are the atomi orbitals of the ou-
pled neighboring arbon atoms at the edge with the op-
timized bond length and with the bond length of 1.42 Å,
respetively. Our alulations are onduted by using the
SIESTA ode in real spae and single-zeta (SZ) basis.
23
One an expet that the edge hopping parameter an in-
rease (or derease) as edge C-C distane is shortened (or
expanded). The edge hopping parameter hange for the
hydrogen-saturated ase is predited to be 10.1 % based
on the DFT, whih is onsistent with the numerial result
based on the TB approximation.
24
In previous TB approximation alulations,
12,25
the
dangling bonds are assumed to be saturated by hydrogen
atoms and thus all transfer integrals between the nearest-
neighbor sites are set to have the same values. This sim-
ple hoie of hopping parameter, however, does not on-
sider geometri distortions at the nanoribbon edge. It
is important to extend this existing sheme in order to
understand the impats of hemial edge modiation on
eletroni properties of armhair GNRs. For simpliity,
we adopt the TB approah to study these impats. We
hoose the value of t1 either smaller or larger than the
hopping parameter t = 2.66 eV of inner C-C bonds to
simulate dierent hemial addends. Our theoretial re-
sults show that only parameter t1 is suient to desribe
the eletroni struture hanges of armhair GNRs.
Figure 2: (olor online) Top two valene bands and bottom
two ondution bands of zigzag GNRs in t1 = t and t1 =
1.2t ases. Here t = −2.66 eV is the hopping parameter of
two-dimensional innite graphene with the lattie onstant
ac−c = 1.42.
Next, we alulate the band strutures of armhair
GNRs, when edge GNR dangling bonds are bounded
by atoms or moleular groups. We selet ideal arm-
hair GNRs with indies (n, 0) and alulate the band
strutures of three dierent ribbon widths (n = 8, 9, and
10) by setting t1 = t. The results are shown in Fig.
2(a) to () for n = 8, 9, and 10 with red solid lines, re-
spetively. For larity, we set the Fermi level to zero
3(EF = 0) and the wave number is normalized by the
primitive translation vetor for eah GNR. In this study,
we hose (8, 0), (9, 0) and (10, 0) GNRs (their widths are
around 2 nm) as examples to represent (3p+2, 0), (3p, 0)
and (3p+1, 0) GNRs (where p is an integer; and they or-
respond to three dierent width armhair GNRs labeled
with (3p+1, 0), (3p, 0), and (3p+2, 0) in the literature26).
It is lear that the band struture of an armhair GNR
depends on its width, and the energy gap is 0.58, 0.50,
and 0.0 eV for (8, 0), (9, 0), and (10, 0) armhair GNRs,
respetively. Armhair GNRs (n, 0) are metalli when
n = 3p + 1 as shown in Fig. 2(). The energy gaps are
nonzero for n = 3p and n = 3p+2 GNR, in whih GNRs
beome insulating. This result mathes the previous re-
ported results.
12
To simulate hemial edge modiation
eets, t1 is set to be 1.2t. The pi and pi
⋆
ondution
bands are no longer degenerate at k = 0 for a (10, 0)GNR
and energy gap beomes 0.14 eV, whih leads to metal-to-
insulator transition. The DFT results suggest that both
quantum onnement and edge eet ause the opening
of energy gap.
26
Although (8, 0) and (9, 0) GNRs remain
insulating when t1 = 1.2t, the energy gaps is hanged to
0.76 eV (inreased) and 0.36 eV (dereased) by hanging
of the edge hopping parameter. Obviously, these theoret-
ial results show that the eletroni property of armhair
GNRs is tunable via hemial edge modiation.
The band struture of zigzag (n, n) GNRs are similar
to those of CNTs exept for the existene of edge states
that are aused by the gauge eld at GNR edges.
12,13
Due to the loalized states at the edges, the uppermost
valene band and the lowest ondution band are always
degenerated at the Fermi level when k0 ≤ |k| ≤ pi. k0
is slightly less than
2π
3
for nite-width zigzag GNRs. If
onsidering the spin degree of freedom in the DFT al-
ulations, a hydrogen-saturated zigzag GNR is predited
to have a magneti insulating ground state.
26
By selet-
ing dierent t1, we observe that the eletroni struture
near the Fermi level hanges slightly, whih indiates the
eletroni properties or arrier transport of zigzag GNRs
are stable and insensitive to the edge modiations.
Figure 3: The energy gap of armhair GNRs depends on their
widths. (a) when t1 = t and (b) when t1 = 1.2t.
Fig.3 shows the relationship between armhair GNR
widths (n) and their energy gaps when hoosing t1 = t
and t1 = 1.2t. For n = 3p, the energy gap of t1 = 1.2t
is smaller than that of t1 = t. This value dereases when
the width inreases. For n = 3p + 1, the energy gap
of t1 = t is zero, whih beomes independent of ribbon
width n. For t1 = 1.2t, C-C bonds on the edge are short-
ened and the energy gap opens in (3p + 1, 0) armhair
GNRs. For n = 3p + 2, the energy gaps of t1 = t are
nearly the same as that of t1 = 1.2t. By omparing the
eletroni struture of t1 = t with those of t1 = 1.2t, we
observe that the hange of the edge hopping parameter
(resulting from the added hemial groups) an signi-
antly aet the eletroni properties of armhair GNRs.
Our alulations reprodue the results based on the loal
density approximation of the DFT.
26
It is worth men-
tioning that the energy gaps of both t1 = t and t1 = 1.2t
approah zero, or the eet resulting from the addends
beomes insigniant when n is very large. This obser-
vation suggests that tuning band struture through edge
modiations is eetive only for nite-width GNR.
Figure 4: (olor online) The eet of hopping parameter t1 on
energy gaps of armhair GNRs with dierent widths [ n = 8, 9
and 10℄.
Next, we fous on evaluating the energy gap as a fun-
tion of hopping parameter t1 for three kinds of armhair
GNRs ((8, 0), (9, 0),and (10, 0)). Results are plotted in
Fig. 4. It is interesting to note that around t1 = t (rep-
resenting the slight deformation ase), the energy gaps
of (8, 0), (9, 0) and (10, 0) armhair GNRs show dier-
ent trends. In ontrast to a (9, 0) GNR, the energy gap
of a (8, 0) GNR inreases as t1 inreases around t1 = t.
This trend is also appreiable in Fig.2. A (10, 0) GNR
has a zero energy gap at t1 = t.
11,12,13
One we applied
hemial edge modiations (t1 6= t), there is an opened
energy gap that always inreases no matter whether t1
dereases (t1 ≤ t) or inreases (t1 ≥ t). This result shows
that a transition between metalli and insulating GNRs
is ahievable. Moreover, the energy gap an be ontrolled
by seleting proper addends bounded to the edge arbon
atoms of armhair GNRs.
In Fig.4, one t1 value exists that orresponds to the
zero energy gap for both (8, 0) and (9, 0) armhair GNRs.
4This phenomenon shows that, in priniple, insulating
armhair GNRs an be modied and beome metalli
GNRs. However, this kind of modiation is diult to
implement sine the hopping parameter t1 would have to
be redued or enlarged by 100%.
In onlusion, rst-priniples alulations show that
the hemial modiation of armhair GNRs results in a
onsiderable deformation of the bond lengths and bond
angles near the edge. The introdution of hopping pa-
rameter, t1, in the TB sheme aurately apture the
eets aused by hemial edge modiations. Our
theoretial results show that addends an hange arm-
hair GNRs' band strutures and even lead to observable
metal-to-insulator transitions. It should be pointed out
that the hemial edge modiation is eetive only for
nite-width GNRs.
Note: After submitting this paper, we beame aware
of the similar independent work onduted by Son, Co-
hen, and Louie et al..
26
In their paper,
26
the saling rules
for GNR band gap as a funtion of their widths and their
origins are studied based on the rst-priniples approah.
A lattie model is then adopted within TB approxima-
tion to explain the hanges of energy gap in armhair
GNRs by resolving the Hamiltonian perturbatively. Our
numerial results presented in this paper are obtained by
using the exat diagonalization tehnique.
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